Abstract: The Lower Jurassic Toarcian is marked by one of the largest global exogenic carbon-cycle perturbations of the Phanerozoic, which is associated with the early Toarcian Oceanic Anoxic Event (T-OAE; c. 183 Ma). Climatic and environmental change at the T-OAE is reasonably well constrained in the marine realm, with marine anoxic or euxinic conditions developing locally across both hemispheres, at the same time as the T-OAE negative carbon-isotope excursion. However, high-resolution stratigraphic comparison between different palaeo-ocean basins and with the continental realm can be complicated. Palaeomagnetic reversals can provide a precise and accurate stratigraphic correlation tool between marine and continental sedimentary archives, and even between sedimentary and igneous successions. Here, we present a high-resolution magnetostratigraphic record for the Toarcian Stage in the biostratigraphically complete and expanded Llanbedr (Mochras Farm) Borehole, Cardigan Bay Basin, Wales. This study provides the first geomagnetic polarity reversal scale that is integrated with highresolution biostratigraphy and carbon-isotope stratigraphy for the entire Toarcian Stage. This stratigraphic framework also provides a new, precise correlation with the basalt lava sequence of the Karoo-Ferrar Large Igneous Province, linking the PliensbachianToarcian boundary and T-OAE climatic and environmental perturbations directly to this episode of major volcanic activity.
The Toarcian, the final stage of the Early Jurassic, has an estimated duration of 8. 3-8.6 myr (2014 Geological Time Scale; Boulila et al. 2014) , with the Pliensbachian-Toarcian boundary dated at c. 183.6 Ma (Pálfy & Smith 2000) . The early Toarcian was marked by the widespread development of anoxic or euxinic conditions that led to substantial organic-carbon burial, an event termed the Toarcian Oceanic Anoxic Event (T-OAE). This palaeoceanographic phenomenon is recognized as one of the most intense and geographically extensive events of oceanic redox change and accompanying organiccarbon burial in the Mesozoic (Jenkyns 1985 (Jenkyns , 1988 (Jenkyns , 2010 . The T-OAE is marked by major changes in global geochemical cycles (e.g. Os, S, Sr), with an apparently rapid c. 7‰ negative shift in marine and terrestrial organic-carbon isotope records and a smaller (3-6‰) negative excursion in carbonate and compound-specific archives (Hesselbo et al. 2000 (Hesselbo et al. , 2007 Saelen et al. 2000; Schouten et al. 2000; Jenkyns et al. 2002; Cohen et al. 2004; Kemp et al. 2005; Hermoso et al. 2009; Al-Suwaidi et al. 2010 Gill et al. 2011; Newton et al. 2011; French et al. 2014; Suan et al. 2015; McArthur et al. 2016; Percival et al. 2016; Xu et al. 2017 Xu et al. , 2018 .
The observed early Toarcian perturbation to the exogenic carbon cycle has been linked to volcanic activity associated with the KarooFerrar Large Igneous Province and associated release of volcanogenic carbon dioxide (CO 2 ), thermogenic methane (CH 4 ) and CO 2 from sill intrusion into Gondwanan coals and shales, and biogenic methane from dissociation of sub-seafloor clathrates (Duncan et al. 1997; Hesselbo et al. 2000; Kemp et al. 2005; McElwain et al. 2005; Svensen et al. 2007; Percival et al. 2015) . The PliensbachianToarcian boundary was also marked by global carbon-cycle change, with a c. 2-3‰ negative carbon-isotope excursion (CIE) in marine carbonate, organic matter and fossil wood (Hesselbo et al. 2007; Littler et al. 2010; Bodin et al. 2016; Percival et al. 2016 ). An elevated atmospheric pCO 2 -induced global temperature increase in the ocean-atmosphere system is credited with causing disruption of marine ecosystems as well as enhanced hydrological cycling and continental weathering on land (Cohen et al. 2004; Danise et al. 2013 Danise et al. , 2015 Ullmann et al. 2014; Korte et al. 2015; Percival et al. 2016; Rita et al. 2016; Martindale & Aberhan 2017) .
Stratigraphic studies of the Toarcian have primarily focused on the lower part of the stage, specifically on the T-OAE interval, utilizing bioand chemostratigraphy. Magnetostratigraphic study of the Toarcian Stage has been confined to only a few localities. These include the Breggia Gorge in southern Switzerland (Horner & Heller 1983) , Thouars and Airvault in France (Galbrun et al. 1988) , the Iberian Range and Iznalloz in Spain (Galbrun et al. 1990; Osete et al. 2007; ComasRengifo et al. 2010) , and the Neuquén Basin in Argentina (Iglesia Llanos & Riccardi 2000) . Additionally, an extended magnetostratigraphic record, spanning the Pliensbachian to earliest Cretaceous interval, was obtained from the Northern Apennines in Italy (Satolli et al. 2015) , but ammonite biostratigraphy is relatively poorly constrained in this succession. Palaeomagnetic data from the lower and middle Toarcian in the Iberian Range were subsequently synthesized (Osete et al. 2007; Comas-Rengifo et al. 2010 ) and adopted for the Geological Time Scale 2012 (GTS2012; Ogg & Hinnov 2012) .
Few existing magnetostratigraphic records cover the upper Toarcian. Furthermore, sampling resolution in this interval is commonly relatively low, affected by hiatuses, or the ammonite biostratigraphy is not well defined. The use of magnetostratigraphy for Toarcian stratigraphic correlation has also been relatively restricted because no published record integrates magnetostratigraphy with both (ammonite) biostratigraphy and carbon-isotope chemostratigraphy for the entire Stage. Arguably, the best example of an integrated Toarcian stratigraphy is a high-resolution magnetostratigraphy combined with carbon-, oxygen-and strontium-isotope data in the biostratigraphically well-constrained Almonacid De La Cuba Section in NE Spain (Comas-Rengifo et al. 2010; da Rocha et al. 2016) , but these investigations were confined to the Pliensbachian-Toarcian transition. An integrated stratigraphy for the T-OAE interval, using the aforementioned proxies, has not hitherto been presented.
The Llanbedr (Mochras Farm) Borehole, hereafter referred to as Mochras, drilled in the Cardigan Bay Basin, west Wales, UK, recovered a Lower Jurassic succession that combines unusual thickness with relative biostratigraphic completeness (Woodland 1971; Dobson & Whittington 1987; Hesselbo et al. 2013; Copestake & Johnson 2014; Ruhl et al. 2016) . The c. 260 m thick Toarcian succession is much thicker than in other coeval European core and outcrop successions, and is generally characterized by periodic alternations between limestone and (marly) mudstone (Hesselbo et al. 2013; Ruhl et al. 2016; Xu et al. 2018) . The Toarcian interval of the Mochras core comprises eight ammonite zones and nine ammonite subzones (Page 2003; Copestake & Johnson 2014) ; the aalensis Zone at the top of the Toarcian is probably truncated in the Mochras core (Ivimey-Cook 1971) . The ammonite zones and subzones are referred to as zones and subzones hereafter, and are named by a typifying species name (e.g. the tenuicostatum Zone). Furthermore, five foraminiferal zones are also resolved (Copestake & Johnson 2014) .
Carbon-isotope analyses of bulk organic matter show an overall positive excursion of 3-4‰ in δ 13 C TOC , relative to upper Pliensbachian and upper Toarcian values of −27 to −28‰, which spans the Upper Pliensbachian upper spinatum Zone to Toarcian middle bifrons Zone (Jenkyns & Clayton 1997; Jenkyns et al. 2001; Katz et al. 2005; van de Schootbrugge et al. 2005; Xu et al. 2018) . This early Toarcian long-term positive trend in δ 13 C TOC , presumably linked to the globally significant burial of isotopically depleted organic carbon, is interrupted by the major negative CIE in marine and terrestrial organic matter and marine calcite that typically marks the main phase of the T-OAE. The negative CIE in the Mochras core is recorded as a distinct >7‰ and c. 6.5‰ negative shift in bulk δ 13 C TOC and δ 13 C CARB , respectively (Jenkyns & Clayton 1997; Jenkyns 2003; van de Schootbrugge et al. 2005; Xu et al. 2018) . A pilot study on the Mochras core proved the feasibility of a magneticpolarity study on this expanded and bio-and chemostratigraphically well-constrained sedimentary archive (Hesselbo et al. 2013) . Here, we present the first high-resolution magnetostratigraphic record for the complete Toarcian Stage and use it to construct an integrated Toarcian stratigraphic framework. The integrated stratigraphic data presented here provide a reference framework for correlation between Toarcian marine and continental sedimentary basins worldwide. This study also allows stratigraphic correlation between the T-OAE and associated climatic and environmental change, and volcanic activity in the Karoo-Ferrar Large Igneous Province.
Geological setting
The sediments recorded in the Toarcian strata of the Mochras core were deposited at a palaeo-latitude of c. 35-40°N, at the southern end of the transcontinental seaway and at the northwestern end of the Tethys Ocean ( Fig. 1 ; Torsvik et al. 2012; Hesselbo et al. 2013; Müller et al. 2016) . The Cardigan Bay Basin Jurassic strata are downthrown against the Lower Palaeozoic Welsh Massif along a major normal fault system, comprising the Mochras, Tonfanau and Bala faults at the eastern and southeastern margins of the basin (Tappin et al. 1994) . The Mochras Borehole was drilled onshore by the British Geological Survey (BGS) and UCW Aberystwyth (now Aberystwyth University) from 1967 to 1969, on the coast of Cardigan Bay, in NW Wales (Woodland 1971; Dobson & Whittington 1987; Hesselbo et al. 2013; Copestake & Johnson 2014) . The core penetrates the entire Lower Jurassic in the Cardigan Bay Basin (with only the aalensis Zone at the top of the Toarcian probably truncated in the Mochras core), which is underlain by Triassic and overlain, unconformably, by Cenozoic and Quaternary successions. The Lower Jurassic in this borehole has a remarkable thickness of c. 1300 m, much greater than coeval onshore sections in other parts of the UK and continental Europe (see fig. 2 of Ruhl et al. 2016) , recording a sustained high sedimentation rate. The relatively homogeneous lithology dominated by argillaceous sediments with alternating muddy limestones, marls and mudstones indicates a relatively open-and deep-marine (hemipelagic) setting (Sellwood & Jenkyns 1975) .
Lithologically, the Toarcian in the Mochras core is dominated by metre-scale carbonate-rich mudstone to carbonate-poor mudstone alternations. The falciferum Zone in the succession is generally carbonate-poor and is marked by several distinct, small-scale (10 0 -10 1 cm) intervals of coarser grained deposits that are rich in macroscopic wood fragments and sedimentary structures such as wave ripples and soft-sediment deformation (Xu et al. 2018) . X-ray diffraction (XRD) analyses on the Toarcian strata in the Mochras core reveal abundant quartz, calcite, chamosite, illite and mica, and illite-rich illite-smectite minerals, together with small amounts of kaolinite, K-feldspar, plagioclase, Fe-dolomite, siderite and pyrite (Xu et al. 2018 ).
Materials and methods
The Mochras slabbed core (in 1 m core-lengths) is stored in boxes at the British Geological Survey, Keyworth, Nottingham, UK, at normal atmospheric conditions. The Toarcian Stage in the Mochras borehole occurs over the depths of 863.50-601.83 m. The core was drilled vertically, with the bedding dipping gently (of the order of 10°) to the east (Tappin et al. 1994; Hesselbo et al. 2013 ; see also the Supplementary Material). The core slabs of the Toarcian are reasonably well preserved (c. 96% are present in the archive half of the section), especially in comparison with the Hettangian and Sinemurian intervals, for which material is only patchily available (Hesselbo et al. 2013; Ruhl et al. 2016; Xu et al. 2018) . Core samples are not affected by drilling-induced formation of biscuits (see Pearson & Thomas 2015) . The diameter of the whole Mochras core ranges from 10 to 15 cm (Woodland 1971) . The surface of the Toarcian core slab is c. 10 cm wide. Samples for magnetic-polarity analysis were selected at 2-5 m resolution, spanning the entire Toarcian interval (except that the aalensis Zone is partially truncated owing to unconformity) in the Mochras Borehole, from 601.83 to 863.5 m below surface (mbs). In total, 148 cubes (each 2.3 cm × 2.3 cm × 2.3 cm; ∼12 cm 3 ) were prepared from the core sections, composed predominantly of mudstones with varying concentrations of calcium carbonate.
Measurements of the natural remanent magnetization (NRM) were made using a three-axis 2G cryogenic magnetometer, housed in a magnetically shielded room at the University of Oxford palaeomagnetic laboratory. Specimens were stepwise demagnetized using progressive alternating field (AF) techniques through at least 12 steps (up to a maximum of 100 mT), until they became unstable.
The AF technique was used so as to retain the material for geochemical and biostratigraphical analyses that require unaltered samples. Demagnetization results were plotted on orthogonal and stereographic projections; characteristic remanence components were identified using least-squares algorithms (e.g. Kirschvink 1980 ). Components were considered stable where they were defined by at least three consecutive points on orthogonal projections and had a maximum angular deviation not exceeding 20°.
Results
The NRM intensities of the measured samples ranged from 0.06 to 1.6 mA m −1 , with a mean of 0.26 mA m −1 . During progressive AF demagnetization three classes of behaviour were identified: Class A, samples for which demagnetization trajectories tended towards the origin, and lines could be fitted to the demagnetization trajectories (65 samples); Class B, samples for which the polarity could be determined, but with very poor line-fits and maximum angular deviation of >30°, so that no inclination was computed (45 samples; NRM intensities were generally very low); Class C, samples that demonstrated unstable behaviour during demagnetization, or where the NRM intensities were too low to provide meaningful demagnetization data (38 samples). Examples of Class A and B behaviour are given in Figure 2 . The magnetostratigraphy constructed here is primarily based on data from Class A samples, but the polarities of Class B samples were used as supporting evidence. Because the original Mochras core is azimuthally unoriented, 'inclination-only' statistics (McFadden & Reid 1982) were conducted on the dataset presented herein. Of the 65 samples with Class A behaviour, 36 yield downward-pointing inclinations, which are interpreted as normal polarity given the northern hemisphere location of the sampling site during the Toarcian. These samples yield a mean inclination of +37.0°(α95 = 7.4°; k = 8.48). The remaining 29 samples yield negative inclinations, which are interpreted as reversed polarity, with a mean inclination of −37.7°( α95 = 5.3°; k = 18.17). Normal-and reverse-polarity data thus yield inclinations that are almost identical, and constitute a positive 'inclination-only' reversal test. When both polarities are combined we obtain an overall mean inclination of +37.3 (α95 = 5.1°; k = 11.16), suggesting a palaeo-latitude of 21°N. The inclination obtained here is considerably shallower than the expected inclinations of c. +54-59°for Mochras at c. 183 Ma (based on reference palaeo-latitudes of c. 35-40°N; Torsvik et al. 2012; Müller et al. 2016) .
The location of the Mochras Borehole has probably not been at palaeo-latitudes south of 35°N since the Toarcian, so it is highly improbable that a multi-polarity remagnetization post-dating deposition of the Mochras succession has overprinted the original signal. Instead, the original remanence has probably undergone inclination shallowing owing to compaction of the mudstone, a well-documented phenomenon in sedimentary rocks (Kodama 2012 , and references therein). Correction for this inclination shallowing with a flattening factor ( f ) of 0.6, which is often taken as a standard value, corrects the apparent palaeo-latitude from 21°N to a 'true' palaeo-latitude of 33°N (Kodama 2012 ). An alternative f value of 0.5 corrects the apparent palaeo-latitude from 21°N to 38°N, which is within error of the previously reconstructed palaeo-latitudes for this site. Additionally, this inclination shallowing provides a constraint on the age of magnetization as precompaction. Hence, the observed inclination shallowing, together with a positive inclination-only reversal test, supports interpretation of the Mochras core palaeomagnetic records as a primary Early Jurassic remanence.
A magnetic-polarity column for the entire Toarcian Stage (albeit only partly covering the aalensis Zone, which is probably truncated at the top in the Mochras core) has been constructed (Fig. 3) . Identified magnetic polarity in more than one consecutive sample (with at least one Class A sample) is marked by a full-width bar, whereas polarity identified by only one sample (one Class A sample with no Class B sample to support) is marked by a half-width bar (Fig. 3) .
Nine normal-and eight reversed-polarity magnetozones were identified and numbered N0-N8 and R0-R7, respectively (Fig. 3) . The R0, N4 and N7 magnetozones are based on only one Class A sample and one or two Class B samples as supporting evidence. The N6 magnetozone is a suggestive normal zone based on only Class B samples and inference from the GTS2012. The interval of normal polarity (N0) probably extends down into the Pliensbachian (Fig. 3) . A conservative approach was taken when determining the magnetozones R2 and N3. R2 is based on five Class A samples, although there are two single-specimen normal intervals. N3 is based on two Class A normal samples, but separated by one reverse sample.
Discussion

Magnetostratigraphic correlations
Magnetostratigraphy of the Mochras Borehole can be correlated with other magnetostratigraphic sequences defined in coeval European successions, including the Breggia Gorge section of southern Switzerland (Horner & Heller 1983 ) and a number of sections in Spain (Galbrun et al. 1990; Osete et al. 2007; ComasRengifo et al. 2010) . The Spanish sections include the Iznalloz section from the Betic Cordillera (Galbrun et al. 1990) , the Sierra Palomera and Ariño sections (Osete et al. 2007) The Mochras Toarcian succession is thicker, stratigraphically more expanded and better constrained relative to all previously studied successions, and carries a clear magnetic-polarity signal. The ammonite zones and subzones in Mochras are defined using the lowest occurrence of the respective index taxon (e.g. Callomon 1995; Simms et al. 2004) . Zones or subzones can be determined with a high degree of accuracy in a laterally extensive, well-exposed and fossiliferous outcrop section. However, in a single borehole, such as Mochras, typically, the lowest occurrence could be Fig. 3 . An integrated synthesis of the stratigraphy of the Toarcian succession in the Mochras Borehole, comprising (ammonite and foraminifer) bio-, carbon-isotope and magnetostratigraphy. The foraminiferal zones are taken from Copestake & Johnson (2014) . The inclination values and the magnetostratigraphy column are plotted. The filled black circles represent Class A samples with identified inclinations that form the basis for the construction of the magnetic-polarity record. The dark grey squares represent Class B samples, for which only magnetic polarity was identified; the points at −90°indicate reversed polarity, and the points at 90°indicate normal polarity. The normal-polarity magnetozone is in black and the reversed-polarity magnetozone is in white. The grey zones in the magnetic record indicate magnetozones defined as normal-polarity, only based on (at least two) Class B normal-polarity samples. stratigraphically higher in the borehole compared with the surrounding rocks. The chance of an individual borehole coring a succession with the true lowest occurrence of any macrofossil is low. This drawback means that stratigraphic correlation of ammonite zone or subzone boundaries in the Mochras Borehole to outcrop sections, such as Peniche, will be somewhat approximate.
The Breggia Gorge and the Iznalloz sections are also relatively biostratigraphically complete, but are each <20 m thick (Horner & Heller 1983; Galbrun et al. 1990) , and therefore are stratigraphically condensed relative to the Mochras core. The link between the ammonite biostratigraphic record of Breggia Gorge and the paleomagnetic record of the same section is also not well constrained. Furthermore, biostratigraphic constraints on the upper Toarcian pelagic sediments at Breggia are also relatively poor, and the Iznalloz section is incompletely exposed and subject to poorly characterized structural and/or stratigraphic discontinuities. The composite magnetic-polarity column from the Iberian Range starts within the mirabile Subzone of the tenuicostatum Zone and ends in the illustris Subzone of the variabilis Zone (Osete et al. 2007) .
The Almonacid De La Cuba section, however, probably best characterizes the base of the Toarcian Stage among all the existing magnetic-polarity records (Comas-Rengifo et al. 2010; da Rocha et al. 2016) . This section records normal magnetic polarity across the Pliensbachian-Toarcian boundary, followed by a reversed magnetic-polarity zone through most of the mirabile Subzone ( Fig. 5 ; Comas-Rengifo et al. 2010 ). This reversed magneticpolarity zone probably correlates with the stratigraphically thin T-R0 magnetozone in the Mochras core, based on chemo-and biostratigraphic correlation ( Fig. 4 ; Hesselbo et al. 2007; ComasRengifo et al. 2010; da Rocha et al. 2016) , and has also been recorded in the Iznalloz section (Galbrun et al. 1990) . Although ammonite subzones in the tenuicostatum Zone have not yet been defined in the Mochras core, chemo-and magnetostratigraphic correlation between the Mochras, Peniche and the Almonacid De La Cuba successions suggests that the top of the mirabile Subzone equivalent is stratigraphically below c. 861 mbs in the Mochras core (Fig. 4) .
The long normal zone (N1) in the tenuicostatum Zone in the Mochras core is also well documented in the magnetostratigraphic records from Iznalloz, the Iberian Range composite and Almonacid De La Cuba in Spain ( Fig. 5 ; Galbrun et al. 1990; Osete et al. 2007; Comas-Rengifo et al. 2010) . This normal-polarity (N1) magnetozone extends up to the lowermost serpentinum Zone, followed by a reversed-polarity interval (R1) in the lower exaratum Subzone, starting between 825 and 833 mbs in the Mochras core (Fig. 3) .
The R1 magnetic reversal biostratigraphically directly matches the magnetic reversals observed at Iznalloz and in the Iberian Range (Fig. 5) . Normal magnetic polarity follows the magnetic-reversal zone R1 throughout the remaining exaratum and lower falciferum subzones (Fig. 2) . One sample shows reversed polarity at the exaratum-falciferum subzone boundary, which is therefore marked by a half-width bar. The upper falciferum Subzone is marked by magnetic-polarity reversal (R2), which is matched by coeval reversed magnetic polarity in the Breggia Gorge and Iznalloz sections, and the Iberian Range composite. The Breggia Gorge section contains one more reversed-polarity magnetozone in the middle of the falciferum Zone, which may be coeval with and has been tentatively correlated to the potential reversed interval determined by one Class A sample within the N2 magnetozone in the Mochras core (Fig. 5) . This reversal has, however, not been recorded in the Iberian Range composite, and detailed magnetostratigraphic correlation to the Iznalloz section is problematic owing to its less than ideal exposure and patchy stratigraphic characterization ( Fig. 5 ; Galbrun et al. 1990) .
The serpentinum-bifrons zonal boundary is, in all studied successions, marked by normal polarity (magnetozone N3 in the Mochras core; Fig. 5 ). This normal magnetozone is, however, relatively thin in the Mochras core and covers only the lower commune Subzone of the lower bifrons Zone (Fig. 3) . The following reversed magnetozone (R3) in the Mochras core starts halfway through the commune Subzone and continues through the fibulatum Subzone and into the upper crassum Subzone (all within the bifrons Zone; Fig. 3 ). In the Iberian Range, this magnetic reversal is constrained to the bifrons Subzone of the bifrons Zone (Fig. 5) . This difference possibly reflects distinct biotic provincialism between different European marine basins, with diachroneity between the ammonite subzone boundaries in the bifrons Zone. The normalpolarity magnetozone (N4) straddles the bifrons-variabilis zonal boundary in the Mochras core and the Breggia Gorge and Iznalloz sections and is tentatively correlated with the short normal-polarity magnetozone in the upper part of the bifrons Zone in the Iberian Range composite (Fig. 5 ). Minor differences in the biostratigraphic position of the N4 magnetozone in the different European successions possibly also indicate diachroneity for the bifrons-variabilis zonal boundary, or alternatively, may reflect a historical difference in the definition of the base of the variabilis Zone, depending on either the first occurrence of Haugia or the last occurrence of Hildoceras semipolitum/Catacoeloceras spp. (Page 2003) .
Magnetostratigraphic correlation of intervals above the bifrons Zone is less precise because of the less well-constrained biostratigraphic correlation between different European ammonite provinces and associated ammonite zonal boundaries. The erbaense and meneghinii zones in the Breggia Gorge section probably equate to the variabilis-thouarsense and the pseudoradiosa-aalensis (levesquei) zones in NW Europe, as recorded in the Mochras core (Page 2003) . In the Iznalloz section, the gradata Zone is the equivalent of the NW European variabilis Zone, the fallaciosum Zone is probably partly coeval with the NW European thouarsense Zone, and the reynesi Zone is probably partly coeval with the NW European dispansum Zone (Page 2003) . The integrated stratigraphic framework proposed here for the upper Toarcian therefore follows the correlation between the local palaeomagnetic-polarity records, with due consideration of the ammonite biostratigraphy (Fig. 5) . The upper Toarcian magnetic-polarity record of the Mochras core closely resembles the GTS2012 composite record. The thickness of the pseudoradiosa Zone in the Mochras core is larger than might be expected if sedimentation rates were constant and the duration of the zone in the GTS2012 were correct (Fig. 5 ). The precise onset and termination of magnetic-polarity reversals in the different upper Toarcian sedimentary successions, relative to ammonite zonal boundaries, is also not always consistent (Fig. 5) . This difference potentially suggests that diachroneity between ammonite zonal boundaries in different biological (ammonite) provinces complicates high-resolution biostratigraphic correlation, not only in the middle, but also in the upper Toarcian. The uppermost subdivision of the Toarcian in the Mochras core, the aalensis Zone, is very thin (c. 3 m) owing to truncation at the top, and no palaeomagnetic samples were analysed. The aalensis Zone in the Iznalloz section is marked by two further palaeomagnetic reversals ( Fig. 5 ; Galbrun et al. 1990; Ogg & Hinnov 2012) . aal., aalensis; com., commune; cra., crassum; disp., dispansum; elegant., elegantulum; fal., fallaciosum; fas., fascigerum; fib., fibulatum; hawsk., hawskerense; mir., mirabile; pseu., pseudoradiosa; semicela., semicelatum; semipo., semipolitum; spin., spinatum; sublev., sublevisoni; ten./tenuicost., tenuicostatum; thouars., thouarsense; Pliens, Pliensbachian; Subz., Subzones. (Duncan et al. 1997; Hargreaves et al. 1997; Riley et al. 2004; Comas-Rengifo et al. 2010; Moulin et al. 2017) . The lithological column of the Lebombo and northern Lesotho Drakensberg regions from the bottom to the top contains the Mashikiri Nephelinite, the Letaba Picrite, the Sabie River Basalt and Jozini Rhyolite (Hargreaves et al. 1997) . The radioisotopic ages from Lebombo are from Riley et al. (2004) and recalculated from Duncan et al. (1997) . The stratigraphic levels of the analysed samples are indicated by the arrowed letters A-G (F 1 and F 2 and G 1 and G 2 indicate different samples within level F and level G, respectively), with the uncertainty bars representing the age defined by U-Pb and 40 Ar/ 39 Ar dating. The high-resolution bulk organic-carbon isotope record (Xu et al. 2018 ) and the Hg-TOC record (Percival et al. 2015 (Percival et al. , 2016 from the Mochras core illustrate the carbon-cycle perturbation and the fingerprint of enhanced volcanism at the Pliensbachian-Toarcian boundary and the T-OAE. a., aalensis; co., commune; cra., crassum; dis., dispansum; exarat., exaratum; falcif., falciferum; fal., fallaciosum; f., fascigerum; fib., fibulatum; hawsk., hawskerense; leves., levesquei; mir., mirabile; pseudorad/pseu., pseudoradiosa; semicelat., semicelatum; tenuicost., tenuicostatum; thoua., thouarsense.
Proposed geomagnetic polarity timescale for the Toarcian Stage (T-MPTS)
A geomagnetic polarity timescale for the entire Toarcian Stage is proposed based on the new data from the Mochras core, integrated with previously published data (Fig. 5) . The mirabile Subzone (tenuicostatum Zone) is marked in the proposed T-MPTS to indicate the position of the R0 magnetozone, based on data from Almonacid De La Cuba (Comas-Rengifo et al. 2010) . The base of the R1 magnetozone is placed above the base of the exaratum Subzone, according to the results of the Iznalloz section and the Iberian Range composite (Galbrun et al. 1990; Osete et al. 2007) . The R8 and N9 magnetozones in the aalensis Zone, which are not recorded in the Mochras core, are added at the top of the column following the Iznalloz section (Galbrun et al. 1990) .
The relative stratigraphic thicknesses of the Toarcian ammonite zones differ between sections, and from those defined in GTS2012. The relative stratigraphic thicknesses of the Toarcian ammonite zones used for the T-MPTS proposed here reflect a combination of the relative stratigraphic thicknesses of the zones in the Mochras core and the data as represented in GTS2012 (Fig. 5) . Assuming constant sedimentation rates, the serpentinum and pseudoradiosa zones are relatively longer and the bifrons, variabilis and thouarsense zones are relatively shorter in duration in the Mochras core, compared with GTS2012 (Fig. 5) . This difference may suggest either changes in sedimentation rate throughout the Toarcian in the Mochras core or a disproportionate representation of thickness relative to time in GTS2012, resulting from changes in sedimentation rate within, or between, the Iznalloz, Iberian Range and Almonacid De La Cuba sections in Spain. Because the duration of some, especially the middle and upper, Toarcian zones is not yet accurately determined, future integration with astrochronological and geochronological data is required to accurately and precisely constrain the relative and numerical Toarcian timescale.
Linking Karoo-Ferrar volcanism with the Toarcian OAE
The carbon-cycle perturbations at the Pliensbachian-Toarcian boundary and in the early Toarcian have been linked to the Karoo-Ferrar Large Igneous Province and associated release of volcanogenic CO 2 and methane from biogenic sources and subseafloor clathrates (Duncan et al. 1997; McElwain et al. 2005; Svensen et al. 2007; Percival et al. 2015 Percival et al. , 2016 . Elevated sedimentary mercury concentrations at the PliensbachianToarcian boundary and in sedimentary intervals recording the T-OAE further suggested enhanced volcanic activity at these times (Percival et al. 2015 (Percival et al. , 2016 . A temporal link between Karoo-Ferrar basalt emplacement and the T-OAE was previously suggested based on radio-isotopic dating of surface basalts and dykes and sills from this Large Igneous Province, and volcanic ashes interbedded in sedimentary successions with ammonite biostratigraphy (e.g. Sell et al. 2014; Burgess et al. 2015) . The precise timing of KarooFerrar volcanism and its relationship to the T-OAE are, however, not well constrained owing to (1) substantial uncertainties on earlier radio-isotopic Ar-Ar ages and (2) poor bio-and chemostratigraphic control on those marine strata that have yielded accurate and precise U-Pb ages from interbedded volcaniclastic deposits.
High-resolution integrated magnetostratigraphic data from the marine realm may potentially be correlated with the geomagnetic polarity record obtained from the Karoo successions of South Africa (Hargreaves et al. 1997) . The onset of accumulation of the Karoo volcanic succession was previously correlated with the Pliensbachian-Toarcian boundary interval at Almonacid De La Cuba, Spain, based on magnetostratigraphy (da Rocha et al. 2016) . Bio-and magnetostratigraphic correlation of the PliensbachianToarcian boundary between the Mochras succession and Almonacid De La Cuba, and subsequent magnetostratigraphic correlation to the Karoo volcanic succession from the Lebombo volcanic rift margin and the Drakensberg Group in northern Lesotho, southern Africa, suggests that the three normal-polarity magnetozones there correspond to the N1 and N2 magnetozones in the Mochras core ( Fig. 6 ; Hargreaves et al. 1997; Riley et al. 2004; Comas-Rengifo et al. 2010; da Rocha et al. 2016) . The youngest normal-polarity magnetozone in the Lebombo succession, which may correlate with the N2 magnetozone in the Mochras core, is less thick than the preceding normal-polarity magnetozone in the same sequence (Fig. 6) . The N1 and N2 normal-polarity zones have a comparable thickness in the Mochras core. This difference may be explained by a combined effect of the changing sedimentation rate at Mochras and the relatively sporadic and variable accumulation rates of the Karoo lava flows.
Based on this correlation, emplacement of the Karoo Large Igneous Province had already begun in the late Pliensbachian, and continued until after the T-OAE negative CIE. Basalt emplacement in the Karoo Basin of South Africa might actually have persisted throughout the duration of the early Toarcian overarching positive CIE, which possibly linked to prolonged and large-scale extraction of 13 C-depleted carbon from the global ocean-atmosphere system, brought about by elevated atmospheric pCO 2 and associated prolonged climatic and oceanographic change at that time. The T-OAE negative CIE, superimposed on the overarching early Toarcian positive CIE, possibly reflects the time of maximum isotopically light carbon injection either directly from Karoo-Ferrar basalt degassing or through additional processes such as thermogenic carbon release from subsurface organic-rich shales, or through the initiation of positive feedback mechanisms in Earth's climate system, with, for example, the release of carbon from seafloor methane clathrates.
Conclusions
A high-resolution magnetostratigraphic record is presented, spanning the complete Toarcian succession of the Mochras Borehole, Wales, and providing a bio-and chemostratigraphically integrated and refined geomagnetic polarity timescale for the Toarcian Stage (T-MPTS). The combined bio-(ammonite, foraminifer), chemo-(carbon-isotope) and magnetostratigraphic framework for the entire Toarcian Stage forms an important reference record for future correlations between global marine, and marine and terrestrial successions. This framework also provides new accurate and precise correlations with the basalt lava sequence of the Karoo Large Igneous Province, linking the Pliensbachian-Toarcian boundary and T-OAE climatic and environmental perturbations directly to this episode of major volcanic activity.
